Abstract. We show that ablation features in poly-methyl methacrylate (PMMA) induced by a single femtosecond laser pulse are imposed by light polarization. The ablation craters are elongated along the major axis of the polarization vector and become increasingly prominent as the pulse energy is increased above the threshold energy. We demonstrate ∼40% elongation for linearly and elliptically polarized light in the fluence range of 4-20 J cm −2 , while circularly polarized light produced near circular ablation craters irrespective of pulse energies. We also show that irradiation with multiple pulses erases the polarization-dependent elongation of the ablation craters. However, for line ablation the orientation of the electric field vector is imprinted in the form of quasi-periodic structures inside the ablated region. Theoretically, we show that the polarization dependence of the ablation features arises from a local field enhancement during light-plasma interaction. Simulations also show that in materials with high nonlinearities such as doped PMMA, in addition to conventional explosive boiling, sub-surface multiple filamentation can also give rise to porosity.
Introduction
Light-matter interactions are often governed by the intensity, wavelength and polarization of light. When ultrafast lasers are used, pulse duration also affects the energy coupling and dissipation in the system. The role of polarization of light in the interaction of atoms and molecules with intense femtosecond light pulses is well understood and is often exploited to align molecules [1] [2] [3] and to control electron dynamics in the laser field with a high degree of spatial and temporal precision [4, 5] . The latter is crucial in attosecond science [6, 7] . However, the role of polarization in the interaction of intense light pulses with solids is subtle and not clear.
The interaction of tightly focused intense femtosecond light pulses with solids often leads to ablation of the material surface or refractive index modification in transparent materials [8, 9] . Several mechanisms are involved in the interaction, some of which depend on the laser polarization that can potentially leave an imprint on the modification/ablation process. For example, both processes (ablation/modification) are initiated by multi-photon ionization that depends on light polarization. In crystalline dielectrics, multi-photon ionization depends on sample orientation due to direction dependence of the effective mass of the electron [10] . This is similar to multi-photon ionization in molecules where the rates differ by more than 50% depending on the alignment of the molecular axis with respect to linearly polarized light [11, 12] .
In addition to multi-photon ionization, impact ionization can also occur, rapidly increasing the carrier density and forming a plasma that either expands (as in ablation) or is confined in the bulk (as in internal modification). Subsequent interaction of the incident light with the plasma can lead to polarization-dependent absorption. Experiments on laser-produced plasmas have demonstrated sharp differences (up to 50-60%) in absorption of p-and s-polarized light due to resonance absorption [13, 14] . In addition, the interaction of linearly polarized light with dense plasma can also lead to local field enhancements akin to that observed in metal nanoparticles [15] .
To date, signatures of polarization-dependent phenomena have been observed mostly in the multiple pulse regime both on surfaces and inside bulk materials. Polarization-dependent 3 self-organized three-dimensional (3D) periodic nanostructures have been observed inside fused silica [16, 17] under irradiation with multiple light pulses. For linearly polarized light, bulk grating-like structures were formed orthogonal to the laser polarization and their origin was attributed to local field enhancement arising from light-plasma interaction [17] [18] [19] . Such polarization-dependent nanostructures have found applications in rewritable 3D data storage [20] , embedded microarray optics and microfluidics [21, 22] . For circularly polarized light, the handedness of the light was imprinted in the form of ordered sub-micron chiral structures [23] . The ability to imprint the electric field in the form of oriented nanostructures has recently been exploited to develop a sub-wavelength resolution diagnostic tool to visualize the complex polarization state of the light in the focal volume [24] .
Laser-induced polarization-dependent periodic structures (or surface ripples) have also been observed on surfaces in the ablation crater of a variety of materials including dielectrics, semiconductors and metals under widely different illumination conditions [25] [26] [27] [28] . Ripple spacing of the order of wavelength to sub-wavelength [29] [30] [31] [32] [33] [34] has been observed and varies with the fluence and the number of laser pulses. Moreover, the structures have been found to be predominantly perpendicular to the laser polarization. The ripple formation is described in terms of interference between the incident light and the surface scattering wave [35] or surface plasmon polaritons [36] . Ripple structures parallel to the laser polarization have also been observed in the ablation crater [37, 38] .
Apart from surface ripples within the interaction region the overall features of the ablation region were found to be polarization dependent. Experiments on multiple pulse ablation of thin metal films exhibited elongation of the ablation craters along the major axis of the polarization vector when the pulse energy was close to the ablation threshold [39] . The elongation of ablation features gradually disappeared when the pulse energy was increased beyond the threshold value by ∼50%.
In this paper, we present a complete experimental and numerical study of polarizationdependent ablation of poly-methyl methacrylate (PMMA). In section 2, we describe the experimental setup and present the evolution of ablation features as a function of the pulse energy and the number of laser shots. We show that the ablation craters in PMMA are elongated along the major axis of the polarization vector whenever pulse energies exceeded the threshold value. Only circularly polarized light produces near circular ablation craters irrespective of pulse energies. We also show that the polarization-dependent elongation of the ablation craters vanishes for multiple laser pulses. However, for line ablation the polarization dependence is preserved in the form of quasi-periodic structures which are oriented along the laser polarization.
In section 3, we describe the 3D finite-difference time domain (FDTD) simulation of the interaction of intense light pulses with PMMA and compare it with the experimental results. This approach determines energy deposition patterns and assumes that all of the absorbed energy is eventually transferred to the lattice, resulting in ablation/modification. We show that elongation of ablation craters arises from the local field enhancement during light-plasma interaction. When the initial plasma density is above the critical density (where the light frequency is equal to the plasma frequency), field enhancement occurs parallel to the laser polarization. Faster plasma growth in the regions with enhanced fields results in an asymmetric plasma density profile, which when transferred to the lattice leads to elongation of the ablation crater. We conclude by showing that in doped PMMA with very high third-order susceptibility 4 sub-surface multiple filamentation can give rise to induced porosity in addition to conventional explosive boiling.
Polarization dependence of ablation

Experimental methods
In our experiments, 800 nm light from a Ti:sapphire laser system, operating at a repetition rate of 5 kHz and producing 45 fs pulses with a peak energy of 0.5 mJ, was focused on the surface of PMMA by a 0.25 NA (10×) microscope objective. The back aperture of the microscope objective (8 mm) was slightly overfilled to minimize alignment errors. The position of the laser focus relative to the surface of optically polished bulk PMMA samples (12.5 × 12.5 × 1.7 mm 3 ) was accurately determined by imaging the back reflected light with a CCD camera at very low pulse energies below the ablation threshold. After locating the surface of PMMA, the glass plate at 45
• , used for directing the back reflected light, was removed in order to avoid distortion of the incident polarization.
A gradient neutral density filter was used to vary the pulse energy from 50 nJ to 5 µJ. The step size of 100 nJ was used to determine the single and multiple shot ablation thresholds. For this the laser was operated either in a single shot or in continuous mode. In the latter, the sample speed was selected such that a specific number of pulses was incident within the focal region. The PMMA sample was mounted on three-axis translation stages with a resolution of 50 nm along the lateral dimensions (X, Y ) and 100 nm along the axial direction (Z ). The lowest energy at which ablation features were visible under the scanning electron microscope (SEM) was defined as the threshold value. A calibrated fast photodiode operating in the linear regime monitored the incident power. The spot size was obtained from the slope of a semi-logarithmic plot of the squared diameter of the modified region measured with an SEM image as a function of pulse energy [40] . We obtained a Gaussian beam radius of 2.6 ± 0.2 µm for the 0.25 NA microscope objective (close to the diffraction-limited beam radius of ∼2 µm) and used it to calculate the laser fluence values.
To study the polarization dependence, the pulse energy was varied from the threshold value in steps of 0.5 µJ. A quarter waveplate was used to produce elliptical or circular polarizations. To select s or p polarizations a polarizer was placed after the quarter waveplate. Switching the relative position of the two optics ensured that the pulse duration remained the same while changing the polarization. A thin broadband beam sampler at the output of the laser directed a small fraction of the beam into a single-shot autocorrelator to monitor the pulse duration continuously. The pulse duration at the back aperture of the objective was measured to be 70 fs after propagating through all the optics. The pulses were not pre-chirped. The incident pulse energies were measured after the microscope objective taking into account the transmission and reflection losses of all the optics. Figure 1 shows the polarization dependence of single-shot laser ablation of PMMA obtained with a pulse energy of 3.2 µJ that is ∼5 times higher than the threshold value. The SEM images reveal two interesting aspects of the interaction. Firstly, the ablation craters are elongated along the major axis of the polarization vector for both linear (figures 1(a) and (b)) and elliptically = E y /E x is the ellipticity of light defined as the ratio of the electric fields in the two orthogonal directions. The pulse energy was 3.2 µJ, measured after the microscope objective corresponding to a laser fluence of 14.3 J cm −2 .
Single-shot ablation of poly-methyl methacrylate (PMMA)
(figure 1(c)) polarized light. The ellipticity = E y /E x , defined as the ratio of the electric fields along the two orthogonal axes, is 0.5 for the latter. Only circularly polarized light was produced near circular ablation craters (figure 1(d)), suggesting that the mechanism responsible for elongation can be turned on or off by laser polarization. The small asymmetry that can be seen in figure 1(d) is due to the fact that polarization is not perfectly circular ( = 0.9 instead of 1). Secondly, the ablation of PMMA is not homogeneous; instead nanostructures are formed within the interaction region. Associated with this is the observation of nanodroplets in adjacent regions, suggesting localized melting and nano-explosions that render the material porous (see also figure 4 ). This process, called explosive boiling, is specific to ultrashort pulse laser irradiation where near isochoric heating and rapid adiabatic expansion result in material ejection [41] [42] [43] [44] [45] [46] . While most experiments to date have studied this effect by post-mortem analysis of the laser-induced damage, only a few time-resolved experiments have investigated the fundamental physical mechanisms of the ablation process [47] . There is general consensus that after thermalization of the laser energy in the material (on the ps time scale) a twophase liquid-gas mixture develops, which then undergoes hydrodynamic expansion, resulting in material ejection and subsequent resolidification on the ns time scale [48, 49] . It is interesting to note that both elongation of the ablation crater and formation of nanostructures within do not occur at energies close to the ablation threshold. Figure 2 shows the evolution of single-shot ablation of PMMA as a function of pulse energies. At threshold energies, ablation occurs in a circular region starting with a swelling of the material followed by material ejection (figures 2(a) and (b)). This eliminates beam distortions as a potential contributor to elongation of ablation craters. When the pulse energy is increased, the ablation crater starts elongating along the polarization direction (figures 2(c) and (d)). Also, nanostructures start appearing along the edges (figure 2(d)) and grow into the middle as well (figure 1(a)). Figures 2(a) and (b) are reminiscent of pronounced surface swelling due to a two-phase expanding mixture that fills the volume between the shell and the bottom of the crater, followed by material expulsion [50, 51] .
The polarization dependence of ablation as a function of fluence can be summarized for different polarizations in terms of an asymmetry parameter defined as the ratio of the crater dimensions along the two orthogonal axes as shown in figure 3 . Near the threshold fluences, all three polarizations produce nearly identical circular ablation features (the asymmetry value is unity). At approximately twice the threshold fluence, linear and elliptical polarizations produce asymmetric ablation craters, while the circular polarization still gives rise to an asymmetry of unity. This trend continues as the fluence increases by a factor of five. Linear and elliptical polarizations introduce an up to 40% change in the asymmetry value. The 5% change in the asymmetry associated with circular polarization could be due the value of being 0.9 instead of 1. 
Shot-to-shot evolution of ablation
The shot-to-shot evolution of the ablation of PMMA is shown in figure 4 . Firstly, the asymmetry of the ablation crater observed with a single laser pulse disappears when multiple laser pulses are used. This effect is contrary to the observation of periodic structures inside fused silica [16, 17] and the elongation of ablation features on thin metal films [39] where multiple pulses were essential for their formation. A combination of induced porosity and modification of the material by successive laser pulses that alter the coupling of light into PMMA leads to disappearance of the polarization-dependent elongation. Secondly, the porosity evolves from being a 2D to a 3D effect as the hole gets deeper, leading to a quasi-honeycomb-like structure on the side walls ( figure 4(c) ).
To investigate multi-shot effects on ablation, we studied the threshold fluence as a function of the number of laser shots as shown in figure 4(d) . The number of laser shots is selected by triggering the laser externally (red circles) or by moving the laser focus at speeds such that the chosen number of laser pulses were incident within the focal region (black squares). The single-shot ablation threshold of 2.6 J cm −2 for PMMA is in good agreement with the published data [40, 52] . However, we observe that the two-and three-shot ablation thresholds decrease faster than the reported values. As the number of laser shots increases further, the threshold fluence decreases rapidly and then saturates. This behaviour corresponds to shot-toshot memory in the ionization of PMMA, the first step in the ablation process. This is also called the incubation effect [40] . In fused silica, memory has been associated with the change in band gap of the material where successive laser shots alter the material properties, making it easier to ionize [53] . 
Line ablation
When the laser focus is stationary, polarization-dependent elongation of the ablation crater disappears with multiple laser pulses (figures 4(a)-(c)). However, signatures of polarization dependence of the ablation features persist even when the laser focus is moved continuously at different speeds such that the number of pulses incident within the focal area varies. Figure 5 shows the SEM images of ablation lines for different orientations of linearly polarized light. The pulse energy and sample speed were 0.5 µJ and 0.5 mm s −1 (∼10 pulses µm −1 ), respectively. Firstly, the width of the ablation line varies with the angle, θ , between the polarization direction and the direction of motion of the sample. It is maximum when θ = 90
• (2.2 µm) and decreases to 2.0 µm for θ = 45
• and is minimum at θ = 0 • (1.85 µm). This is consistent with the previous observation of the Kerf width on thin metal films [39] .
Secondly, quasi-periodic structures are formed inside the ablated region whose orientation is parallel to the laser polarization. In contrast, internal modification of fused silica resulted in periodic structures which formed perpendicular to the laser polarization [17] . In both the cases the structure is preserved even when the laser focus is moved continuously. As we will show below, the elongation of ablated regions and the orientation of the sub-structures inside arise from local field enhancements during light-plasma interaction. Differences in the orientation of the quasi-periodic structures during ablation (internal modification) are associated with an overcritical (undercritical) plasma density.
Numerical simulation of PMMA ablation
Theoretical methods
During the laser interaction with materials, the laser energy is initially coupled to the electrons. On a time scale longer than the incident pulse duration, electron-electron and electron-ion collisions lead to thermalization, establishing a Fermi distribution within the excited electron population in the conduction band. On a much longer time scale, electrons transfer their energy to the lattice through electron-phonon coupling. Theoretically, it is challenging to develop a self-consistent hybrid model that considers both the dynamics of free electrons induced by multi-photon, tunnelling and electron impact ionizations as well as electron-electron thermalization and electron-phonon coupling that ultimately transfers energy from the electronic subsystem to the lattice. To overcome this difficulty, two different approaches are widely employed for studying laser ablation. In the first approach, the initial energy deposition patterns are assumed, and the internal distribution of the deposited energy is followed to study ablation dynamics. Hydrodynamic and molecular dynamic models that take into account atom kinetics belong to this category. In the second approach, energy deposition patterns are determined, and it is assumed that all the absorbed energy is finally transferred to the lattice, resulting in ablation/modification that takes the shape of the plasma. It is a good approximation due to the large difference in heat capacity of the free-electron gas and phonons. Modelling the dynamics of free electrons in the conduction band by solving electrodynamic, nonlinear Schrodinger and multiple rate equations falls into this category. We use this approach to study polarizationdependent ablation of PMMA.
We have performed FDTD simulations of the fs-scale interaction process between the intense laser pulse and the PMMA sample. A detailed description of our simulation tools is given in [19] . In short, our FDTD code solves the 3D Maxwell equations in a non-magnetic material,
where E is the electric field, D the electric displacement field and J the current density. The displacement field represents the linear and third-order responses of the unmodified dielectric medium,
E, where χ (1) and χ (3) are (frequency-independent) firstand third-order susceptibilities of the medium, respectively. The current density J is composed of two components: J = J P + J MPA , where J P represents the free plasma electron motion and J MPA is the effective current accounting for the laser energy loss due to multi-photon absorption (or ionization process) [19, 54, 55] . The free-electron current density is evaluated in our model from the cold plasma hydrodynamics equations
where n and u are plasma particle density and fluid velocity, respectively, ∂n MPI /∂t is the rate of change of density due to multiphoton ionization, e and m the electron charge and mass, respectively, and (a constant) is the damping factor due to collisional laser energy absorption in plasma, estimated below using the Spitzer formula [56] . Equation (2) can also be identified with the equation of motion for free particles in the Drude model [57] . We assume in the simulations that the leading ionization process in PMMA is three-photon absorption, resulting in
where σ 3 is the three-photon absorption cross-section, I = c 4π E 2 is the laser intensity and n s is the saturation density, which is estimated for PMMA as n s ≈ 5 n cr , where n cr ≈ 1.75 × 10 21 cm −3 is the critical electron density for the free-space laser wavelength λ fs = 0.8 µm. The saturation density n s is the maximum density that can be reached when every molecule is ionized. The laser pulse length was assumed to be equal to 70 fs in our simulations. At the entrance of the simulation domain the pulse was represented by a Gaussian beam that would focus into a spot of radius r spot = 2 µm in free space.
The FDTD code solves equations (1)-(3) numerically and thus simulates linear and nonlinear laser propagation in the medium, plasma generation, ionizational and collisional energy losses as well as laser interaction with the plasma free particles. The accuracy of the simulations is limited by the uncertainties in some of the parameters involved. The thirdorder susceptibility, χ (3) , of pure PMMA is relatively well known and is estimated to be 11 3 × 10 −14 esu [58] . However, σ 3 in PMMA is not well known. We assume that it is comparable to other materials with three-photon resonance and therefore replaces the value of σ 3 in PMMA with that of borosilicate glass (the bandgap of borosilicate glass is ∼4 eV, while that of PMMA is ∼3.7 eV), σ 3 ≈ 7 × 10 17 cm 3 ps −1 (cm 2 TW −1 ) 3 [40] . However, it is important to note that an order of magnitude change in σ 3 does not significantly affect the results.
Another source of uncertainty is the damping factor in equation (2) . This factor, which represents the laser energy deposition in the collisional plasma caused by the inverse bremmstrahlung heating, is of the order of collision frequency ν e of the plasma electrons and can be estimated using the Spitzer formula [56] 
Since the interaction process is non-equilibrium, the electron temperature T e can be estimated to only an order of magnitude. The electrons excited into the conduction band after absorbing three photons (∼4.6 eV) will have a kinetic energy of the order of ∼1 eV. This energy is much larger than the Fermi energy, estimated to be ∼0.15 eV for a plasma with n = n cr . Therefore, one can use a classical approach to estimate the temperature, which thus will be of the order of the quiver energy of the free electron in the oscillating laser field (∼10 eV at an intensity of ∼10 14 W cm −2 ). n = n cr is used to evaluate equation (4), resulting in the collision frequency ν e ≈ 0.1 fs −1 , which is used in our simulations. A similar value for collision frequency can be obtained using models for strongly coupled plasmas [59] . The rationale for choosing n = n cr is as follows. When the plasma density is overcritical the laser is reflected back without depositing much energy in the plasma, irrespective of the collision frequency. For undercritical plasma the modification patterns were found to be insensitive to [19] . Therefore it is anticipated that the interaction physics is most sensitive to the particular value of electron collision frequency when the plasma density is near-critical or slightly overcritical.
The electron temperature T e can also be estimated using a quantum mechanical approach, instead of classical. A similar value of T e = 12 eV was obtained for dielectric breakdown in fused silica [60] . The choice of T e was found in our calculations to not have any substantial influence on the shape of the ablation spot in the range of 3-30 eV. However, if T e is too small (<1 eV) the asymmetry in the spot disappears, whereas for higher temperatures the asymmetry becomes more prominent.
The accuracy of the simulation is also limited by the fact that we use a fixed value for χ (1) of the sample while in reality it varies during the entire interaction process. The refractive index of the sample is time dependent due to depletion of bound electrons and can decrease as more electrons are removed into the conduction band by the ultrashort laser pulse. It is therefore reasonable to choose a linear index of refraction that is slightly smaller (n 0 = 1.3) than the actual unperturbed value of ∼1.5. However, the refractive index modification due to the presence of free electrons is fully taken into account by the plasma current J P that contributes to J in equation (1) .
We also assume that the energy transfer from electrons to the lattice, which occurs on a much longer time scale compared to the duration of the laser pulse, is localized and coincides with the shape of the plasma. This is justified by the fact that (i) recent calculations [57] demonstrate that there is no difference between damage criteria when either the free electron density or the internal lattice energy is considered. (ii) Even energetic electrons (10 eV) travel a distance of only a fraction of the spot size within the recombination time or even longer.
For this reason, an asymmetry in the plasma profile, if any, will translate into an asymmetry in the ablated spot.
In addition, there are other approximations made in the model given by equations (1)- (3). Firstly, we neglect the higher-order nonlinearities that can be important for intense laser interactions. Secondly, we consider susceptibilities χ (1) and χ (3) and the ionization crosssection σ 3 to be frequency independent. We also neglect processes such as avalanche ionization. Furthermore, we assume that the damping factor in equation (2) is a constant, whereas it actually depends on the plasma density and temperature, which in turn depends on the overall interaction dynamics. Therefore, the results presented below are expected to only provide qualitative agreement with the experiments.
Characterization of the ablation crater
We now demonstrate that polarization-dependent ablation of PMMA arises due to the interaction of the laser pulse with the plasma produced by the leading edge of the pulse. Such a light-plasma interaction leads to local field enhancements either parallel or perpendicular to the laser polarization, depending on the plasma density. Figure 6 (a) shows the maximum plasma particle density in units of critical density as a function of the position of the laser focus in the PMMA sample. The plasma density is maximum and is overcritical on the surface and decreases rapidly to below the critical value as the laser focus is moved inside the sample by more than a Rayleigh length (∼16 µm for a focal spot radius of 2 µm used in the calculation). When the laser is focused deep inside the bulk PMMA, the incident pulse undergoes defocusing by the plasma generated by the leading edge of the pulse [19] . As a result, the intensity of the laser pulse at the focus is clamped which results in the generation of undercritical plasma [19, 61] . As the laser focus is shifted closer to the surface, the volume of the undercritical plasma generated by the pulse leading edge is decreased, thus decreasing the plasma negative lens effect.
A typical plasma particle density profile of the laser-generated plasma in the polarization plane is shown in figure 6(b) . When the laser is focused right at the sample surface, there is a very thin shell of overcritical plasma that is surrounded by undercritical plasma of a relatively large volume with a diverging shape. This diverging shape is the result of a laser defocusing by the negative plasma lens that surrounds the overcritical disc. The undercritical plasma right behind the disc is created by the leading edge of the laser pulse. When the plasma is undercritical (n ∼ 0.5n cr ), it leads to refractive index modification [62] . So the actual plasma density value that is required for the ablation must lie somewhere in the critical range.
The plasma particle density profile at the sample surface perpendicular to the direction of laser propagation is shown in figure 6(c) . One can clearly see elongation of the overcritical plasma along the polarization direction in the central region of the laser focus. The overcritical plasma electrons oscillate in phase with the laser field, leading to field enhancement at the edges of the plasma in the direction of laser polarization, akin to metal nanoparticles. Faster plasma growth in regions with enhanced fields results in elongation along the polarization direction. In the undercritical plasma regions, elongation is, in contrast, in the direction perpendicular to laser polarization. Electrons in the undercritical plasma oscillate out of phase with the laser, resulting in suppression of the field at the plasma edge in the direction of polarization. In this case, the fields are enhanced all along the plane perpendicular to the laser polarization. Signatures of such polarization dependence have been observed in the laser interaction inside bulk fused silica where the plasma is undercritical [17] [18] [19] .
The plasma edge (transition from overcritical to undercritical plasma) is smooth since the transverse shape of the ablation spot is approximately Gaussian (with a size ∼ √ 3 times smaller than the laser beam size, for the three-photon ionization process). For this reason, the ablation process is characterized by the two competing effects: (i) field suppression in the polarization direction at locations where the plasma is undercritical, i.e. at distances far from the centre of the laser focus (figure 6(c)); and (ii) field enhancement in the polarization direction at positions where the plasma is overcritical, i.e. close to the centre of the laser focus. The exact shape of the ablation crater is determined by these competing effects, as well as the minimum plasma density that is required for the onset of the actual ablation process.
Quantitative characterization of the elongation of the ablation spot can be made by determining the boundary of the spot for a specified plasma density. Figure 6(d) shows the ratio of the ablation spot along two orthogonal directions as a function of the plasma density for linear (solid line) and circular polarizations (dashed line). A ratio of unity corresponds to a circular ablation spot with no elongation. For linearly polarized light, the elongation is parallel (perpendicular) to the laser polarization when plasma density n 2 n cr (or otherwise). Since in a collision-dominated plasma, reflectivity approaches unity only when its density is well above the critical density, this value seems reasonable. When plasma density is very low ( n 0.5n cr ), field enhancement is negligible and one does not expect any elongation.
Comparing figure 6(d) with figure 3 , one can conclude that the plasma density corresponding to the ablation threshold is of the order of n ∼ 2 n cr . The dependence of elongation on plasma density is then in agreement with experimental observations (figure 3): (i) no elongation close to threshold pulse energies and (ii) larger asymmetry of the ablation craters for higher pulse energies (corresponding to a plasma density well above the critical density). Moreover, there is no elongation of the ablation spot for circularly polarized light irrespective of the plasma density, as observed in the experiments. Given the approximate nature of our model, a maximum of ∼30% elongation for linearly polarized light is in good agreement with the experimental value of ∼40%.
The simulations also indicate that the energy deposited in the region with an undercritical plasma ( figure 6(b) ) is of the order of ten to a few tens of per cent of pulse energy. The energy deposition mechanisms include multiphoton absorption and collisional energy absorption inside the plasma. As the plasma recombines (which happens on the ps time scale compared to the ns time scale of hydrodynamic processes [63] ), this energy is converted into heat. Considering that the heat capacity of PMMA is in the range of ∼1 J (g K) −1 [64] , an order-of-magnitude estimation shows that deposition of ∼1 µJ of laser energy in ∼10 3 µm 3 (estimated from figure 6(b)) is sufficient to heat up the PMMA inside this volume by ∼10 3 K, i.e. above its boiling point (∼200
• C). We conclude that it is this localized boiling that has resulted in the porous structures observed in the experiment.
Another possible mechanism that can give rise to porosity could be multiple filamentation of the incident pulse while propagating through the medium that leads to severe localization of the pulse energy. Although our simulations rule out this possibility for pure PMMA, we found that this mechanism can occur in highly nonlinear media. For example, the third-order susceptibility χ (3) in PMMA can be enhanced significantly by doping [58] . When a high value of χ (3) (= 3 × 10 −12 esu) is used in the simulation sub-surface, multiple filamentation is observed for laser intensities above the ablation threshold, as shown in figure 7 , where the plasma density profiles (in units of n cr ) at time moments well after the laser passage are plotted. Figure 7 (b) shows the plasma density inside doped PMMA in the plane perpendicular to the laser polarization for the peak laser intensity I = 10 13 W cm −2 . Upon entering the medium, the pulse is immediately self-focused. Due to the very large nonlinearity, the self-focused pulse eventually experiences filamentation. The laser intensity inside the individual filaments reaches considerably high values leading to the material ionization along the filaments. However, the maximum surface plasma density in this simulation is n max ≈ 0.07n cr , which is not expected to appreciably damage the surface of the material [62] . At later time scales, hydrodynamic expansion of the hot material under the surface will lead to swelling of the surface similarly to that observed in figures 2(a) and (b).
As the incident laser intensity is increased, the plasma density at the surface grows and reaches values of several n cr for intensities I ∼ 10 14 W cm −2 . For this high plasma density, the material ablates directly from the surface. However, the leading part of the laser pulse that Simulation of the ablation process in doped PMMA. Plasma density generated inside the material when the laser pulse that is focused on the surface of PMMA located at origin propagates in the +x-direction and is polarized along theŷ-direction. The abscissa is in units of Rayleigh length, while the ordinate is in units of spot radius. (a) The laser intensity is above the ablation threshold (10 14 W cm −2 ); (b) the laser intensity is below the ablation threshold (10 13 W cm −2 ). The material surface is located at x = 0. The plasma density is measured in units of n cr .
has not been reflected by the surface plasma propagates inside the material and experiences filamentation in the same way as described above. This produces a rich internal structure of the under-surface plasma ( figure 7(a) ) that can lead to induced porosity. The intensity within the filaments can be high enough that the plasma density can be overcritical. This severe localization of laser energy within the focal volume leads to nano-explosions ejecting out of the material. At the same time, material is removed from the surface, resulting in the material becoming porous. Whereas explosive boiling is the origin of porosity in pure PMMA, in doped PMMA a sub-surface localization of pulse energy in the form of multiple filaments could also give rise to porosity, in addition to the causative factor of hydrodynamic expansion that leads to explosive boiling. Since filamentation is a propagation effect, the pores would originate deep inside the sample as compared to the hydrodynamics process that is restricted to the sub-surface. Analyzing the ablated region along the propagation direction may allow one to distinguish the two mechanisms.
Conclusions
In this paper, we show that femtosecond laser ablation of PMMA is polarization dependent in the form of elongated craters (for a stationary focus) and quasi-periodic structures (for line ablation) parallel to laser polarization. Simulations show that elongation of ablation craters can be attributed to a field enhancement during the interaction of an intense light pulse with the overcritical transient plasma produced by the pulse's leading edge. The present work on polarization-dependent ablation (single pulse regime) combined with our previous work on laser-induced periodic structures in fused silica [17] (in the multiple pulse regime) provides insights into the crucial role played by transient plasmas in the interaction of intense ultrashort light pulses with dielectric materials. Light-plasma interaction influences the energy coupling to the solid by redistributing the local fields in the focal region with respect to the direction of polarization of the incident laser field. Local field enhancement is determined by the plasma density and its signatures are embedded in the interaction region. This effect is not unique to a specific material and would occur whenever there is sufficient nonlinearity in the intensity dependence of the ionization process in order for the field enhancements to produce a noticeable effect in the dielectric. We therefore expect that light-plasma effects will play a less significant role for longer pulse durations, where collisional ionization becomes the dominant process [21] . Polarization-dependent ablation will have an impact on micro-machining, and its effects can be minimized by using either pulse energies close to ablation threshold or circularly polarized light.
